Characterizing nano-and micro-particles in fluids still proves to be a significant challenge for both science and industry. Here, we show how to determine shape and size distributions of polydisperse water suspensions of micron-sized particles by the analysis of the field scattered in the forward direction by single particles illuminated by a laser beam. We exploit the novel Single Particle Extinction and Scattering method in connection with shear conditions which give preferred orientations to the particles passing through the scattering volume. Water suspensions of calibrated nonspherical particles, polydisperse standard monophasic mineral samples of quartz and kaolinite, and a mixture of quartz and illite are studied in detail. Application and limitation of the method are discussed. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Characterizing micro-and nano-sized particles is a need of increasing importance for a number of scientific and technological applications. Particle size distribution (PSD), shapes, composition, and internal structure are of great importance to the understanding and foreseeing of the behavior of the particles. Interactions between particles, as well as between particles and surrounding media are mainly given by size, shape, composition, and surface properties, are important actors in this realm of increasing importance worldwide. 1 The need of continuous, non-invasive, in-line monitoring of powder suspensions in fluids is increasing, in connection with the rapid development of materials and devices through the bottom-up approach [2] [3] [4] [5] [6] [7] [8] as well as the need of characterizing small particles in the traditional topdown processes. [9] [10] [11] [12] [13] [14] [15] Quite recently, attention has been given to the possibility of driving the interactions through specific shapes of the building blocks to be assembled, [16] [17] [18] [19] thus mimicking the behavior of atoms and molecules with chemical bonds. Over the last decades, very powerful techniques for the characterization of small particles became available. Traditional attention has been given to the size or PSD, but (in several cases) it has also been recognized the important role played by particle shape (in several cases). Attention towards shapes has been initially given by people working with mineral powders and aerosols (e.g., clays). More recently, the same need has been transferred towards the characterization of engineered nanoparticles for an increasing number of applications. Regardless, the number of methods which are actually (suitable to) applicable for industrial applications is limited. Examples are small angle light scattering (SALS) and UV-VIS spectroscopy, which can be easily operated in line, but cannot measure dilute systems as often required by the industry. [20] [21] [22] [23] [24] [25] [26] All these methods recover data from a huge number of particles, which typically imposes the problem of data inversion, thus limiting the reliability of the methods especially when independent information about the sample is missing. 27 Among the available methods, those measuring properties of single particles usually better fulfill the actual requirements especially for industrial application. Measuring single particles prevents from using inversion methods, and immediately enables to (the measuring of) measure highly polydisperse samples with peculiar PSDs. Microscopy techniques (optical, scanning electron microscopy, SEM, transmission electron microscopy, TEM, etc.; see Refs. 28-30 (as) for examples of applications), optical particle counter (OPC), [31] [32] [33] single particle obscuration sensor SPOS, 34 Coulter counters (see Ref. 35 for Coulter and a comparison among all these methods) are perhaps the most adopted for (in) a variety of applications. Microscopy methods and atomic force microscope (AFM), 36 often automated, represent by far the most powerful approach capable of characterizing size, shape, internal structure, and information about composition. Regardless, they are tremendously time demanding and often need specific sample preparation. Optical methods like OPC and SPOS are advantageous for being completely, non-invasive and easy to be operated in line. Ultimately (basically), the limit in the use of optical schemes is represented by the way the size is obtained from the optical signals, which could bring inaccurate results. 37 OPC measures the scattering cross section of particles from the power radiated within a wide solid angle. SPOS measures the extinction cross section from the power reduction of the beam transmitted downstream of the region where the particle traverses the beam. Both cross sections are determined by particle size, but the influence of composition, internal structures, shape, and orientations plays a role which in principle cannot be neglected to achieve the results with the precision required. 38 There is no way to overcome this limitation without introducing independent information about each particle. These instruments provide an "optical" size for each a) Author to whom correspondence should be addressed. Electronic mail: marco.potenza@unimi.it particle, which is the size of a sphere composed by a given material which would produce the same scattering properties of the measured particle, with a given composition, structure, shape, and orientation. 35, [39] [40] [41] [42] [43] [44] As a result, when in-line application is not the actual need, the optical methods are often not really appreciated in favour, for example, of the Coulter method which represents a benchmark for the sizing of particles in many fields. Again, in Coulter counters the shape of the particle is inaccessible, the size being measured on the basis of the particle volume thus obtaining a volume equivalent size people are well used to work with. Notice that the volume equivalent size is independent of shape and orientation, this being the huge advantage of the Coulter data from one side. On the other side, the lack of shape information is of great importance when the exploitation of the results of the Coulter measurements (is needed) to derive other parameters of the particles. This occurs, for example, when comparing Coulter measurements to OPC or SPOS ones, which cannot be reliably cross-calibrated. 34 This can be easily inferred by considering the effect of shape on volume equivalent radii. 35 The possibility of gathering additional information beyond the size of single particles has been recently explored in connection with the possibility of measuring independently two parameters from the field scattered in the forward direction by single particles illuminated by a laser beam. 45 Here, we focus on the determination of size and shape by exploiting the novel single particle extinction and scattering (SPES) method, which recently proved to be suitable for applying the forward scattered field approach. 46 The method really takes advantage of the features which typically limit traditional techniques, such as sample polydispersity and strong dilutions. Fast and accurate characterization is then possible as described in Ref. 47 for the case of real suspensions of industrial interest. Here, we further extend the potential of this method by capitalizing on the specific features of the fields scattered by non-spherical particles with preferential orientations, a condition obtained by imposing proper shear conditions within the sample cell. A huge benchmark of results of accurate numerical simulations has been developed to quantitatively support data interpretation (Section III B and Appendix A).
II. EXPERIMENTAL APPROACH

A. Single particle extinction and scattering
Here, we just recall the basic elements of the experimental approach we use to extract the complex scattered field components through the SPES method, referring to published works for further details. [46] [47] [48] [49] We exploit a selfreference interferometric scheme in which single particles are driven by a uniform, laminar flow at a given speed through a tightly focused laser beam. The (faint) scattered and the (intense) transmitted light interfere onto a segmented sensor in the far field of the laser beam, exploiting a condition which is similar to in-line holography. 50, 51 The intensity modulations are proportional to the scattered field amplitude, thus realizing the so called optical heterodyne condition 52 that allows the measure of the amplitude and phase of the scattered fields. The self-reference scheme automatically provides an intrinsic calibration of the signals allowing the description of phenomena without any free parameter. In force of the Optical Theorem, 53, 54 the real part of the forward scattering amplitude is obtained from the total extinction cross section. On the other hand, thanks to the selfinterference conditions, the intensity modulation depth is determined by the amplitude of the field scattered forward, which allows to determine the imaginary part of the field amplitude. Accessing two independent, absolute measurements of the scattering fields represents the key advantage to extract additional information about the particles. More precisely, the polydisperse size distribution allows the extraction of precise information from the SPES measurements on a huge number of particles. [46] [47] [48] [49] Measuring the refractive index, internal structure, aggregation state of the particles becomes accessible from the statistical analysis of the data in the complex field. As detailed in Section III, we will here extend the complex field approach to the case of nonspherical particles.
B. Samples
We analyze water suspensions composed by well characterized nonspherical particles: monodisperse, calibrated dumbbells composed by two spheres in contact, joint by a belt, 19 kindly provided by Peter Shall (University of Amsterdam); polydisperse, standard monophasic mineral samples: standard quartz (Merck) and kaolinite (Georgia Kaolin Co.). Finally, we show the results obtained by mixing the above mentioned quartz with illite (Tokaj region, northern Hungary). Dumbbells are composed by two PMMA spheres stuck together, so that the refractive index of the system is 1.49 in vacuum. They have been accurately characterized at optical microscope, obtaining an average diameter for the spheres of 1.7 lm 6 0.1 lm. Estimates of the refractive index of the mineral samples have been obtained through the measurements performed at optical microscope by matching the refractive index of the particles and the surrounding liquid (Cargille Refractive Index Liquids). All these samples have been accurately characterized in the past through SEM, XRD, and TEM. 55 In the Appendix E, we report examples of the results of SEM measurements performed exactly on the same samples measured with the SPES in this work, prepared by filtering the liquid and by covering the sample with a Gold conductive layer.
C. Orienting particles in the fluid flow
The breakthrough here is capitalizing on the knowledge of the particle orientation within the laser beam. We achieve this condition by injecting liquid through a cell thin enough to impose a stress orienting particles. A Hellma flow cell with rectangular section of 0.2 Â 3 mm 2 has been used. In our flow conditions (some cc/s), the Reynolds number of the cell is low enough to guarantee pure laminar flow, and rotational diffusion is absolutely negligible during the time spent by a particle in the light beam due to the high rotational Peclet number. 56 Therefore, the system is dominated by the velocity gradients within the cell. The flow can be roughly described as a Poiseuille flow with a parabolic velocity profile in the thinner direction (neglecting the velocity profile in the other direction), where the velocity gradient is of the order of magnitude of 10 4 s
À1
. A preferential orientation along the velocity direction is then obtained after a particle moves over a length much smaller than the cell. 57 When oriented along the streamlines, oblate and prolate particles behave very differently: prolates will be preferably oriented with the major axis within the plane transverse to the optical axis, z, so that light will mainly pass through the smallest thickness of the particle; oriented oblate particles, on the contrary, will maintain uniform probability of exhibiting major and minor axes along the light beam direction, thus spreading the average optical thickness appreciably with respect to the prolate case.
In order to support the effectiveness of the shear in orienting particles as described above, we performed measurements with a water suspension of dumbbells. This experiment represents a reference to prove the ability of our method to give proper orientation to non-spherical particles within the size range of interest here. In Appendix B, we report experimental results obtained with this sample, as well as a comparison to the measurements performed with a cell which does not impose any preferential orientation to the particles.
III. THEORY
In Section III A, we discuss the novel approach in terms of simplified, analytical arguments, to give a clear and simple guide for the data interpretation and analysis. We then address the case of real, polydisperse suspensions of several types of particles with different orientations through accurate numerical simulations in Section III B. In particular, we will focus on describing the effects of preferential orientations, such as those imposed by our experimental apparatus. More than 10 6 particles have been simulated in order to create a benchmark to be compared to data and to interpret the experimental results.
A. Extending the complex field approach
The knowledge of two independent parameters ultimately related to the real and imaginary parts of the dimensional scattering amplitude Sð0Þ in the forward direction (h ¼ 0) by single particles drastically improves the capability of recovering information, thus introducing a completely novel approach for the analysis of small particles. 45 In connection with the SPES method, 46 this approach really becomes a breakthrough, since the complex fields scattered by single particles can be measured in liquid suspensions and the novel approach can thus be exploited. Nevertheless, the set of properties determining the field scattered by a particle cannot be rigorously recovered. Different combinations of properties can determine the same scattered field: there is no one-to-one relation between Sð0Þ and the set of properties. Even if particle size is usually considered as the most important parameter in determining the scattered field, particle composition, internal and surface structure, shape and orientation also affect the scattering properties.
44,58-62 Size and refractive index can be accurately obtained through the SPES method for single particles endowed with spherical as well as isometric shape. 47 More insight can be obtained through statistical analysis of the results obtained from many particles.
We recall that in the limit case of extremely small particles (Rayleigh scattering), or even for larger particles with small values of the relative refractive index (Rayleigh-Gans scattering), the scattered field amplitude can be approximated by a first order imaginary term and a second order real one. 53, 54 Ultimately, measuring the imaginary part of the scattered field corresponds to measure its amplitude, which once squared gives the scattered intensity measured with traditional techniques adopted to measure the particle size, a. This is the approach exploited in the instruments like the OPCs. On the other hand, the real part is directly related to the total extinction cross section, C ext (including both scattering and absorption), thanks to the so called Optical Theorem. We will follow the approach introduced by Van de Hulst 53 (see Ref. 53 , p. 184) to describe the scattered field emerging from a generic structure by evaluating the field in a plane just downstream the scatterer. For simplicity, we will here consider the case of purely dielectric particles, which is enough for describing the suspensions which will be further analyzed. Fig. 1 schematically represents the geometry of the system. The light impinges along the z direction and the object introduces amplitude and phase modulations in the transverse n À g plane. The shape of the object is described by the thickness tðn; gÞ, and the refractive index relative to the surrounding medium being m. The deflection of light inside the particle is assumed to be negligible, an assumption which holds until precise conditions are met (see Van de Hulst 53 for extensive discussion of this assumption). Therefore, the field is only affected by phase modulations imposed by the optical thickness sðn; gÞ ¼ tðn; gÞðm À 1Þ encountered by the impinging beam along any straight line with coordinates ðn; gÞ drawn through the particle. The generalization for the case of a refractive index depending on the position is straightforward. The phase modulations imposed to the electric field are then given by FIG. 1. A schematic representation of the system described in the text. The light impinges from the negative z direction. The particle is described by thickness tðn; gÞ and relative refractive index m. The field is evaluated on the n À g, z ¼ 0 plane.
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Here k ¼ 2p=k, where k is the light wavelength and i is the imaginary unit. By integrating the phase shifts over the cross section of the particle, R, the amplitude of the forward scattered field Sð0Þ is obtained
Under the hypothesis of small optical thickness, ksðn; gÞ ( 1, we expand the exponential in power series. At the second order of the expansion, the forward scattered amplitude Sð0Þ turns out to be given by the sum of two terms that are the imaginary and the real parts
For the sake of completeness, we here stress that the result obtained in Eq. (3) can be interpreted in terms of two clear physical parameters. Under the same hypotheses that have been used here, and by introducing the Lorentz-Lorenz formula to relate the refractive index m to the polarizability of the molecules composing the particle, it is straightforward to identify the first term with ik 3 a ptc , where a ptc is the particle polarizability. This is rigorously the result for small particles. Even more easily, in force of the Parseval's identity the latter term in Eq. (3) gives the extinction cross section C ext of the particle, multiplied by 4p=k 2 as required by the Optical Theorem.
We introduce the average optical thickness of the particle at the given position
So that optical thickness can be split as sðn; gÞ ¼ s 0 þ dsðn; gÞ;
where dsðn; gÞ is zero-averaged. By introducing the quadratic average of the fluctuations
we can write the forward scattering amplitude as
The imaginary part, which will be denoted as I, is proportional to the average optical thickness s 0 of the particle.
Notice that the approach here adopted determines different s 0 for different orientations and shapes, as discussed below in more detail. The real part of Sð0Þ, R, splits into two parts:
(1) a contribution related to s 0 and (2) a contribution depending on how the optical thickness changes over the particle section, R, that is the feature described by the quadratic average of dsðn; gÞ.
The complex amplitude mainly depends on the particle size as mentioned above, other features just slightly affecting the results when represented in the complex plane. Especially for highly polydisperse samples, representing data in the complex plane partially hides the features we are interested in here. We then introduce a combination of parameters which evidences the main physical quantity here, namely, the optical thickness of the particle. We thus introduce the ratio
where we have posed q 0 ¼ s 0 k and dq ¼ dsk (following Van de Hulst 53 ). These expressions suggest that q exhibits actually the influence of (1) the average refractive index and (2) internal structures, irregular shapes, non-uniform compositions, etc. Indeed, the average refractive index determines q 0 for any particle. The other properties mentioned in item (2) affect both q 0 and dqðn; gÞ. In terms of representing experimental data, we therefore show plots of q as a function of C ext . This choice is dictated by two main reasons: (a) C ext is determined with much less uncertainty because of the specific properties and implementation of the SPES method; 46 (b) it is a monotonic increasing function of size (anyhow "size" is defined). In Fig. 2 , we show examples of this representation for the fields obtained on the basis of Eq. (1) in the case of polydisperse cubes with two orientations: faces parallel to the optical axis (squares) and rotated by 45 around the x axis (diamonds). These results are compared to the spheres obtained on the basis of the Van de Hulst formulas (circles). Refractive indices n ¼ 1.53 and n ¼ 1.58 in water have been considered (open and solid symbols, respectively). Notice that squares always exhibit lower q, according to the vanishing value of hdq 2 ðn; gÞi due to the plane parallel geometry. 
B. Numerical simulations
We present the results of accurate numerical simulations performed with non-spherical particles which allow to (1) extend the range of applicability of the results obtained above and introduce the criteria to recognize different shapes, thanks to the preferential orientation of the particles as experimentally exploited below; (2) recover information from experimental data on the basis of precise computation of the field amplitudes in the cases of real interest, where analytical computation is realistically not viable, if not impossible. For simulating the scattered amplitudes of nonspherical particles, we exploited the Discrete Dipole Approximation, introduced long ago in astrophysics for similar purposes. 63, 64 DDA is a very general method for calculating scattering from a particle of a given geometry and composition. The basic idea is to divide the particle into small cubical domains, and to replace them by point-like dipoles. The interactions between dipoles are then calculated numerically on the basis of the integral equation for the electric field. For an extensive review of the issues dealing with the practical implementation of the integral equations, see Refs. 65 and 66. More precisely, we adopted the Amsterdam Discrete Dipole Approximation (A-DDA) code, 67 developed in C since 1990 by Hoekstra and co-authors. 68, 69 The code has been compared to other numerical codes. 66 In order to compare the results for different shapes, and to extract the information for analyzing the experimental data, we adopt volume equivalent radii. The best way to introduce equivalent radii for particles of different shapes is questionable, 35, [70] [71] [72] and ultimately depends on the specific application. Volume equivalence is one of the most common choices, even if it is not straightforward to compare the results with methods like OPC, 72 SPOS, 73 and Coulter. The differences among the results of these methods are ultimately due to the effects of shape and orientation of particles which affect optical measurements. 40, 74 Simulations have been performed for particles with different shapes and sizes to cover the entire range of sizes of the measured samples. Reference shapes are considered to be ellipsoids, cylinders, and hexagonal prisms, with oblate and prolate shapes. In order to give a clear distinction between prolate and oblate particles, the aspect ratio is defined to be smaller than 1 for oblate, larger than 1 for prolate, being defined as the ratio between the smaller size divided by the larger for the oblate case, and the larger size divided by the smaller for the prolate. We have chosen orientations which can be imposed experimentally, which are with the major axes along the fluid flow direction for oblates and the minor axis along the laser direction for prolates.
In Fig. 3 , we present the results obtained for oblate particles with aspect ratio 0.2 and prolate particles with aspect ratio 5, refractive index n ¼ 1.55. Plots are 2D histograms where the color scale indicates the number of events in each 2D bin, normalized to the maximum value in the plot (yellow ¼ 0, blue ¼ 1). Insets just give a couple of examples of the imposed orientation. Red lines indicate the laser beam direction and blue lines indicate the liquid flow. Ellipsoids, cylinders, and hexagonal prisms are considered, no differences among them being appreciable here. As expected, an appreciable spread is present in the q À C ext plane along the q direction. In more detail, oblate particles apparently show a population composed by a main contribution on top of a more uniform structure spread into the plane. This is the effect of representing just one value of the aspect ratio. Extending the range of aspect ratios immediately smears out the results.
Prolate particles are clearly characterized by a narrow distribution in the vertical direction while the opposite is true for the oblate case, showing a wider dispersion of data in the vertical direction. Quantitatively speaking, we measure the spread in q by simply evaluating the standard deviation of the histogram obtained as a vertical section within a given C ext range where noise is negligible (see Appendix C for details). We obtain 0.27 and 0.05 for oblate and prolate particles, respectively. In Appendix A, we report the results obtained for exactly the same samples with totally random orientations of the particles for comparison. Moreover, we stress that the population of prolate particles in the q À C ext plane is clearly distinguishable from that expected for spheres (or isometric particles) with the same refractive index (continuous lines). This is essential to decide for the prolate, oriented nature of these particles instead of the isometric ones, once the refractive index is known even approximately. Even easier is the identification of oblate particle due to the broadening of the distribution. To be quantitative, for aspect ratios larger than 2-3, distinguishing isometric and non-isometric particles can be done by knowing the refractive index with 10%-15% uncertainty, which is a range broad enough to give a reasonable estimate. We stress that the case of prolate particles with a broad distribution of aspect ratios cannot in any case mimic the results obtained with oblates, since in no way prolate particles can overcome the line of spheres, as in the case of oblates.
We finally point out that our simulations only describe particles without any surface roughness, internal structure, complex shapes, etc. In force of the arguments discussed in Sec. III A, we conclude that these features will mainly introduce a further spread in the q À C ext plane, thus smoothing the structures which are observable in the results shown here.
IV. EXPERIMENTAL RESULTS
In this section, we present the results obtained with the samples described in Section II, and prove the capability of the method to recover shape and size distributions. First of all, we determined the transfer function of the instrument, which spreads data in the vertical direction especially at the lower sizes when the signal amplitude is smaller. Accurate measurements have been done to characterize this contribution with calibrated polystyrene and PMMA spherical particles of several diameters. We find a spread in the imaginary part described by a Gaussian function with a standard deviation of 3.5 imaginary units and an offset of 7. Thanks to the ultimate features of the measurement procedure adopted here, the complex amplitudes exhibit by far the main uncertainty on the imaginary part, I. The real part, R, is much more accurate, thanks to a better accuracy in determining C ext . 46 Therefore, the representation in the q À C ext plane is essentially affected by noise mainly along the q (vertical) direction. As a result, convolving the numerical results with the transfer function measured experimentally is an easy task. On the contrary, de-convolving the experimental results for the transfer function is almost impossible, just because of the typical limitations encountered with ill-posed problems. Notice that de-convolving data here would need to be performed along each vertical line of pixels, which is intrinsically limited in terms of the number of measured events. We therefore extract information about the aspect ratios of the particles through proper look up tables (LUT) properly developed on the basis of the simulations presented above. We checked the method with a very well known dumbbell sample. The results are reported in Appendix D. Fig. 4 represents SPES data obtained with quartz. Continuous line represents the expected results obtained on the basis of Mie theory for spheres with a distribution of sizes and the refractive index of quartz. There is an evidence that the population is narrowed and shifted as a result of orienting the particles. The standard deviation of the q distribution evaluated as discussed above turns out to be 0.06. According to what discussed above, we can guarantee that this is solely compatible with prolate shapes for that refractive index. This is in agreement with the expected shape of quartz.
Different results are obtained with kaolinite which is well known to be composed by platelets. In Fig. 5 , the population is appreciably broadened in the vertical direction, in accordance with the oblate shape, with a standard deviation for q of 0.17. We notice that in comparison to the numerical results shown in Fig. 3 , experimental data show a different q distribution. This discrepancy is simply due to the single value of the aspect ratio adopted in Fig. 3 . Extending the aspect ratio range immediately smears out the population in the two dimensional plots in a similar way as obtained from the measurements.
Moreover, there is no doubt whether this spread could be due to a distribution of the aspect ratio. This has been accurately verified by mixing the results of numerical simulations of prolate particles with a range of aspect ratios from 1 to 10. The resulting spread in q is not enough extended at the lower values. We also stress that for a given material it does not make too much sense covering ranges of aspect ratios extremely extended.
By exploiting the set of numerical simulations described in Section III B, we can recover the ARD and PSD through the procedure described in Appendix C. First, either the oblate or the prolate shape has to be decided for by inspection of the data sets. Thanks to the knowledge of the refractive index we can then compare the measured q À C ext distributions to those obtained from numerical simulations as an additional check of the method. Fig. 6 reports the results obtained for the quartz and kaolinite samples, in terms of PSD and ARD.
As a further example of the capability of the method, we consider the measurements of a non-trivial sample composed by a mix of illite and quartz. Illite is well known to be very reactive, 75 and appropriate preparation procedures have been followed basing on typical dialysis methods like those described in Ref. 71 in order to destroy aggregates and to make the suspension stable enough. Notice also that after the strong dilution needed for performing the SPES measurements, the typical number concentration within the samples is low enough to exclude any aggregation of the particles. 76 The result of SPES measurements performed upon the dialyzed sample is plotted in Fig. 7(a) . Two populations are evident. The upper one is very similar to that obtained above for quartz. One could wonder whether these populations could be either compatible with a suspension of isometric particles of different materials (which would give narrow populations as well), or with a suspension of prolate particles as above. Notice that because of the narrow distribution, it is simply impossible that particles are oblate. Unfortunately, a simple measurement of the refractive index is not so easy here due to the presence of two different species, and it is impossible to index matching the powder and the surrounding fluid. Nevertheless, if the two populations in the SPES data are inverted assuming spherical (or any isometric) shape, refractive indexes close to n ¼ 1.40 and 1.37 are found, respectively, dramatically low for almost any compact particle composed by common materials. By contrast, interpreting the data due to prolate particles with the properties described above gives n ¼ 1.54 for the upper population, and 1.42 for the lower one, consistent with the expected refractive index of illite. We therefore interpret the results as possibly due to the presence of prolate particles for both species. Independent analyses performed on the same sample, such as elemental SEM measurements and SEM imaging, confirmed the presence of both quartz and illite, both with preferable prolate shapes (see Appendix E). For the sake of completeness, in Fig. 7(b) we report the SPES data obtained with the non-dialyzed suspension. The results are compatible with the presence of both kinds of grains, and a population of grains with the intermediate optical properties, probably due to the presence of aggregates which have been destroyed with dialysis.
V. DISCUSSION
We have reported the possible advantages of operating with (1) the complex field approach 45 in connection with (2) the SPES method 46 and (3) the specific orientation of the particles passing through the scattering region (this work). Integrating these elements into one method brings a real breakthrough in characterizing single particles endowed with appreciably non-spherical shapes. The method takes advantage from the polydispersity of the sample and can be operated in flow. These elements make a substantial difference with traditional optical approaches, which are typically strongly limited by the spurious effects due to shape, orientations, and polydispersity.
We have shown that the independent knowledge of the sample is appreciably reduced with respect to traditional methods, being essentially limited to a rough estimate of the refractive index to exclude the peculiar case of isometric or spherical particles. For aspect ratios larger than approximately 2 (i.e., prolate particles), distinguishing isometric and nonisometric particles can be done by knowing the refractive index with 10%-15% uncertainty, which is indeed a very large range for most of the common materials. For oblate particles, the spread in the vertical direction makes the data interpretation slightly more difficult, because of the potential interpretation in terms of the effects of shape and index distribution. In fact, this limitation could be appreciably reduced by introducing LUTs based upon a more extended range of indices. Prolate particles with a broad distribution of aspect ratios can be rigorously distinguished from oblate particles since the former cannot in any case overcome the isometric line, whilst the latter do.
By listing the information that can be recovered, we have: (1) any broad population is compatible with oblate particles; (2) narrow populations are compatible with both isometric and prolate particles, but for different indices. Independent information about the refractive index, even an approximate value, can decide between the two cases; (3) PSD and ARD are both obtained on the basis of proper inversion algorithms based upon numerical simulations comparing with the data.
We stress that, thank to the approach we have adopted, which compares the numerical simulations to the experimental data, we access directly to the information about the geometrical aspect ratio, which is the one imposed in the simulations. This is an appreciable advantage.
The main limitation of the method is the need of working with diluted suspensions. Even if this can be considered also an advantage, in some cases this could limit the applicability. Examples are those cases in which changing the concentration can affect the properties of the particles, for example, emulsions. The number concentration of the samples measured here is of the order of 10 À5 vol/vol, and a value of 10 À4 vol/vol can be considered as an upper limit. The method can be operated in any liquid, provided that the laser light passes through. Application to air or gases is also possible, even if in this case the conditions to orient particles change appreciably, this is mainly due to the different viscosities.
From the experimental point of view, the main limitation in the SPES data is represented by noise in the small C ext range. This is mainly attributable to the fluctuations of the laser intensity, one cannot easily get rid of in the SPES device exploited for the measurements reported here. It is possible to operate with different optical layouts which allow to limit noise and the corresponding spread in the q À C ext plane, as it has been done, for example, in Ref. 47 . Here, we have adopted the described version as a trade off to access precise information of both q and C ext in the range exploited above for the data analysis, still maintaining the sizing data for the smallest sizes.
Performing a measurement requires approximately 10 min (depending on concentration). This is a long time if compared to traditional SALS and OPC measurements, but can be considered incomparably shorter than the time needed for performing a corresponding analysis with any microscopy device to measure a comparable amount of particles.
VI. CONCLUSIONS
We have shown the possibility to recover the information about shape on the basis of the simple and robust optical method of SPES, thanks to a novel methodological approach relying on the complex scattered field. Characterizing the shape of the particles has an overwhelming importance in science and industry, for example, in the widespread realm of clays. Clays have unique properties as materials, many of them related to their shape only, which is systematically determined by the important characteristics of interest for applications. The ability of absorbing, retaining, releasing a number of ions or molecules, for example, comes from unique properties of these materials, which in turn determine their shape. More generally, huge interest is given nowadays to characterize micro-and nano-sized colloidal materials in view of the so called bottom-up approach. A specific, precise knowledge of the shapes is of fundamental importance both from the geometrical and the physico-chemical point of view when small particles are used as ultimate "briks" to mimic what atoms do on the much smaller scale of atomic bonds. 17, 19, [77] [78] [79] On the other hand, the knowledge of shapes is of paramount importance in aerosol science, where shapes are currently accessed through LIDAR only for the airborne particles. Methods for measuring particles collected on filters or any other solid substrate have the same drawbacks described above for the analysis of solid samples. As a result, SPES could be the ideal method to be exploited in air flow, to directly measure the optical properties of airborne particles. These applications could open new vistas on the complex issue of radiative transfer through the atmosphere.
Also, the characterization of dust particles from ice cores could take advantage from the SPES measurements of oriented particles. We have performed a preliminary study for the characterization of the water suspended particles from Antarctica ice cores, 82 which bring completely new information, complementary to any current characterization. By imposing the constraints imposed with the SPES measurements in water, the knowledge of the optical properties of airborne dust grains could be appreciably improved.
Finally, applications in the fields of accurate characterization of nanoparticles for industrial, medical, diagnostical applications could take huge advantage from a reliable measurement of the particle shape, with no need of any time consuming technique as imaging, or complicated light scattering methods which can be mainly exploited in research laboratories.
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APPENDIX B: ORIENTING PARTICLES WITHIN THE FLUID FLOW
To prove the capability of the system of orienting particles into the flow cell, we show the results of measurements performed with two cells of different sections, one imposing a preferable orientation to the particles, the other does not. The former cell is thin along the direction of the laser beam, with a rectangular section 0.2 Â 3 mm 2 , the latter has a square section 1.5 Â 1.5 mm 2 . The water speed is 0.5 m/s and 0.1 m/s, respectively. In both cases, the Reynolds number of the cell is low enough to guarantee pure laminar flow. As mentioned in the main text, at least for the former cell rotational diffusion is absolutely negligible during the time spent by a particle in the light beam, due to the high rotational Peclet number. 49 Therefore, the system is dominated by the velocity gradients within the cell. The flow can be roughly described as a Poiseuille flow with a parabolic velocity profile in the thinner direction, where the velocity gradient is of the order of magnitude of 10 4 s
À1
. A preferential orientation along the velocity direction is then obtained after a particle moves over a length much smaller than the cell. 50 From a quantitative point of view, unfortunately the case of the square cell is impossible to be described by simple order of magnitude arguments like the previous ones, and a mathematical description is very difficult too. We just notice that the flux is slower, and the lower values of the shear Reynolds number of the particles make the orientational effects to be smaller. 80, 81 We therefore cannot provide a specific receipt to estimate the conditions which guarantee particle orientation.
In order to better explore this issue, we performed measurements with the well known prolate particles. In Fig. 9 , we report the SPES data obtained with the square section cell (a) and the thin cell (b) for suspensions of dumbbells particles as described in the main text. The difference is clear, since the distribution of q is vertically extended in the former case, very narrow in the latter. This is in accordance with our expectations of random orientations and almost totally aligned dumbbells, respectively. Spurious events are evident in the central region of the plot (a), while they are almost completely absent in (b). The other difference among the two data sets is the non negligible amount of events spread over an extended range of C ext in case (a). This is a drawback of exploiting the thick cell, due to the particles passing through the beam outside the focal region, a condition which is rigorously prevented for in the thin cell since the focal region is longer than the cell thickness.
This contribution cannot be completely get rid of, and determines the presence of a small number of fake events introducing an extra population in a region corresponding to the sizes much smaller than the real ones. Nevertheless, as we will show further, these events can be easily recognized on the basis of the complete information available here.
Finally, since the most complete and quantitative information comes just from the measurements performed with the thin cell, this is not an issue for our further measurements.
APPENDIX C: DETERMINATION OF ARD AND PSD
Here, we explain how we extract ARD and PSD from the experimental result of a typical polydisperse sample. Again, either oblate or prolate shape has to be decided for by the distributions of experimental data. To obtain the ARD and PSD, an approximate knowledge of the refractive index of the particles is needed, as discussed in the main text. Once the refractive index has been fixed, we extract a vertical section of the data set, which is a distribution of particle number as a function of q within a limited range of C ext . This range is set in order to exclude the instrumental noise at the smallest sizes, and to maintain a reasonably large number of recorded events, which means excluding the largest particles. In Fig. 10(a) , an example of such a section for kaolinite data is reported for C ext comprised between 2 and 3.1 lm 2 (histogram), that is, for 0.3 < Log C ext < 0.5. By fitting with a linear combination of distributions obtained from simulations with different aspect ratios (solid squares in Fig. 10(a) ), we get the ARD. We can therefore proceed to build an LUT specifically aimed to extract the PSD for the particles with the given ARD and orientations. In Fig. 10(b) , we report the LUT for the kaolinite sample measured here. The black line represents the 50% contour level of the experimental data plotted in Fig. 5 . It is evident that the C ext range chosen above guarantees the noise to be negligible, and the LUT can be exploited properly. Notice that we are assuming here a uniform distribution of the ARD for different sizes, which is considered to be reasonable enough in this range of sizes for mineral dust. 28, 44 
APPENDIX D: CHARACTERIZATION OF DUMBBELLS
As an example of this approach, we show the results obtained for dumbbells (see Fig. 10(b) ). The prolate shape can be recognized on the basis of Fig. 10(b) . The refractive index is known (n ¼ 1.49 in vacuum). We extract a vertical section of the data set, which is a distribution of particle number as a function of q. This section is then fitted by a linear combination of corresponding vertical distributions obtained from simulations with different aspect ratios. On this basis, each event in Fig. 9(b) can be associated to the corresponding size, to obtain the PSD of the sample. In Fig. 11 , we represent the ARD (a) and the PSD (b) for the dumbbell sample. Black histograms are compared to the expected values (dashed vertical lines). Gray columns represent the standard deviation from the average for both spheres and dumbbells as obtained from optical microscopy measurements.
The results shown in Fig. 11 are in good accordance with the geometrical parameters of these particles, namely, an aspect ratio of 2 (two spheres stuck together) and a volume equivalent diameter of 2.1 lm (see the vertical dashed lines). 
APPENDIX E: ADDITIONAL RESULTS
Here, we report a couple of additional SPES measurements performed with the thick cell on the samples described above, which prevents the samples from being preferentially oriented. We also report examples of the images obtained at SEM on the same samples measured with the SPES, prepared by filtering the liquid and by covering with a Gold conductive layer.
Figs. 12 and 13 report SPES data obtained with quartz and kaolinite, respectively, without any preferable orientation. Continuous lines represent the expected amplitudes obtained on the basis of Mie theory for polydisperse spheres with the refractive index of quartz. There is evidence that the population is broadened in the vertical direction, according to the presence of non-spherical, randomly oriented particles. Comparing to data in Fig. 4 , a difference is found in the lefthand side of the plots. This is due to the particles passing through the beam outside the focal region, which determine spurious signals as discussed for the dumbbells case. At variance with the monodisperse case of dumbbells, here the sensibility to the smallest particles which originates smaller signals is reduced because of medium and large particles traversing the beam out of the sensible region, thus determining signals hiding any small signals from smaller particles. SEM images have been acquired for the quartz, kaolinite, and the mixed illite-quartz suspensions. Moreover, elemental SEM measurements confirmed the presence of both quartz and illite, as expected. Here, we report a few images among the number collected at SEM. In Fig. 14 , we report typical images for quartz (a) and kaolinite (b). Fig. 15 reports two images obtained with the quartz illite mixing. Both images are compatible with prolate shapes in accordance with the SPES measurements. In (a), the presence of both species is evident. Furthermore, the layered structure of illite grains explains the low (average) refractive index of the whole grain measured from SPES data. Notice, however, that we base our assessments about shape over independent knowledge of the samples. 
